Objective: To investigate functional magnetic resonance imaging (fMRI) in pediatric cochlear implantation candidates with residual hearing who are under sedation for evaluation of auditory function.
I
T HAS BEEN ESTIMATED THAT APproximately 60 infants are born each day in the United States with significant hearing loss (1 to 6 infants per 1000). [1] [2] [3] [4] The effects of early hearing loss on communication development, as well as social and educational development, are well documented. [5] [6] [7] [8] A growing body of evidence now supports the benefit of early detection of congenital hearing loss and the concomitant implementation of early intervention strategies. [9] [10] [11] [12] [13] Current research suggests that the development of language-relevant areas in the brain may be significantly altered in hearing-impaired (HI) children compared with normal-hearing children. 14 As with other neurocognitive systems, early language experience and biological circuitry interact to stimulate and support mutual development of structure and function. 15, 16 With the advent of universal newborn hearing screening in nearly all areas of the United States, the average age of diagnosis of congenital hearing impairment has now decreased to 3 to 6 months, thereby increasing the likelihood for appropriate early intervention in these infants.
Cochlear implantation is an effective way of restoring hearing in children with severe to profound sensorineural hearing loss. 17 The application of cochlear implants has extended to include children with pure-tone averages ranging from an 80-to 100-dB hearing level. [18] [19] [20] An impetus for consideration of children with significant residual hearing for implantation arose from the sizable proportion of such children not experiencing progress with their hearing aids at the same rate as those with implants. 21 Outcome studies and comparisons with hearing aid users have established that cochlear implantation can produce communication benefits, particularly improved speech understanding, even in children with significant residual hearing.
The clinical dilemma is predicting the likelihood of substantial communication benefits from cochlear implantation in infants and children with residual hearing. Several highly sensitive diagnostic instruments are available that reliably evaluate various aspects of peripheral hearing acuity and sensory function using nonbehavioral methods, such as the auditory brainstem response, otoacoustic emissions, and auditory steadystate response. However, the nature of higher auditory cortical processing and perception in the HI neurosystem is not well characterized by the battery of instrumentation traditionally used. An objective and minimally invasive tool that assists in describing central auditory system function and ultimately in determining the potential speech perception benefit from cochlear implantation is highly desirable.
Functional magnetic resonance imaging (fMRI) has been used previously to examine brain activation in response to auditory and language stimulation in children 24 and infants. 25, 26 Cortical activation results in localized increases in blood flow that in turn cause a change in signal intensity in MRIs constructed using methods that are sensitive to small changes in magnetization associated with blood oxygenation. In these MRIs, the activated and nonactivated cortices have measurably different signal intensities, and brain activation maps can be constructed from the contrast between brain images of the activated and nonactivated states. This MRI method is termed blood oxygenation level-dependent (BOLD) contrast and is the technique used for fMRI.
Although sedation is typically required in pediatric populations to obtain a complete evaluation, several investigations have shown that subjects given passive auditory stimulation under various types of sedation have exhibited a positive BOLD signal response. [27] [28] [29] Functional neuroimaging techniques may be useful in evaluation of central auditory function in children who are candidates for cochlear implantation. Specifically, fMRI may permit differentiation of brain responses corresponding to auditory detection, speech perception, and language processing in normal-hearing and HI infants. 30 The ability of fMRI to demonstrate neural representation of auditory perception may provide important information regarding various aspects of auditory and language processing in infants and toddlers.
In the present study, we examined the relationship between preimplantation cortical activation and improvement in pure-tone audiometry thresholds after cochlear implantation in HI children. We hypothesized that children with severe to profound sensorineural hearing loss with residual auditory cortical activity as shown by fMRI would also have greater improvement in pure-tone auditory thresholds after cochlear implantation.
METHODS

SUBJECTS
Ten HI children (median age,26 months; mean age, 49.1 months; 4 boys and 6 girls) were recruited for this feasibility study through the Departments of Otolaryngology and Radiology, according to an institutional review board-approved protocol, and informed consent was obtained from the parents or the guardian. The HI subjects all had at least minimal residual hearing levels, with pure-tone audiometry ranging from 75 to 115 dB, placing them in the classification of severe to profound hearing loss. None of the subjects in this study had a conductive hearing loss, as indicated on their clinical audiograms before and after cochlear implantation. Four patients had small internal auditory canals, as shown by preoperative computed tomography. To rule out a cochlear nerve aplasia, MRI studies were obtained. In 3 patients, a cochlear nerve was definitively observed within the internal auditory canal. In the last patient, interpretation of computed tomographic scans and MRI by a neuroradiologist was equivocal for the anatomic presence of a cochlear nerve. However, physiologically, the patient demonstrated consistent auditory responses on serial audiologic testing. Accordingly, the presence of a (poorly) functioning cochlear nerve was assumed. Patients demonstrating no audiologic responses and lacking definitive anatomic evidence of a cochlear nerve on high-resolution imaging studies are not considered candidates for cochlear implantation at our institution.
Owing to the loudness of the MRI scanner gradients during fMRI, no auditory tone testing was performed during the imaging procedure. Audiological testing was performed in all subjects as part of the standard referral pathway for cochlear implantation at our institution. Pure-tone audiometry was performed on these subjects by a credentialed pediatric audiologist before implantation using sound field audiometry. These tests were repeated after cochlear implantation. The improvement in hearing threshold for each subject was calculated from the difference in pure-tone average hearing thresholds before and after cochlear implantations. This difference was based on the most recent preimplantation and postimplantation audiograms, with the most improved hearing level reported in the patient's medical chart, up to 18 months after implantation.
All sedation procedures were performed by the Department of Pediatric Radiology to obtain a clinically indicated MRI requested by the patients' referring physician. Children weighing less than 10 kg (typical age, 0-24 months) were sedated using orally administered chloral hydrate at a dose of 75 to 100 mg/ kg. Children younger than 7 years but weighing 10 kg or greater were sedated using intravenous pentobarbital sodium (Nembutal; Baxter International Inc, Deerfield, Illinois) administered at a dose of 3 to 5 mg/kg. Subjects were excluded for any standard contraindications to an MRI, such as metal implants, orthopedic pins or plates above the waist, and orthodontic braces.
AUDITORY STIMULATION PARADIGMS FOR fMRI
All subjects were presented with the same block-periodic fMRI passive listening task. The task is a frequency-modulated tone task wherein random tones ranging from 400 Hz to 1.5 kHz are presented at 0.5-to 1.0-second intervals for 0.5 to 1.5 seconds each. Thirty-second blocks of these tones (the stimulus interval) are interleaved with 30-second blocks of silence (the control interval) to create a 5.5-minute task. The auditory input to the subjects was delivered through a calibrated magnetic resonance-compatible audio system (SS3100; Avotec Inc, Stuart, Florida), with levels set to exceed the measured audiometric hearing thresholds of each patient by approximately 10 dB.
MRI SETTINGS
Following sedation for MRI, subjects were placed on the table in the scanner. Magnetic resonance-compatible headphones (Avotec Inc) were placed over the subject's ears, and the head was restrained within a padded head holder with additional foam (REPRINTED) ARCH OTOLARYNGOL HEAD NECK SURG/ VOL 133 (NO. 7), JULY 2007 WWW.ARCHOTO.COM 678 pads to minimize head motion. Prescribed clinical MRIs were completed first, and the fMRIs were added at the end of the clinical routine. Eight of 10 subjects underwent MRI on a 1.5-T scanning system with echo-speed gradients (GE Signa Horizon; General Electric Medical Systems, Milwaukee, Wisconsin); 2 subjects, on 3-T systems (Bruker Biospec 30/60 MRI system [Bruker Medizintechnik, Karlsruhe, Germany] for the nonsedated subject and a Siemens MRI system [Siemens Medical Solutions, Erlangen, Germany] for the other subject). Functional MRI was performed on these systems using a gradientecho, echo planar imaging method. A time series of 110 echo planar imaging gradient-echo images (repetition/echo times, 3000/50 milliseconds) was acquired during each fMRI paradigm at 1.5 T. At each time point, 24 axial sections (5 mm thick) were acquired, ranging from the inferior aspect of the temporal lobes to the superior apex of the cerebrum. The other relevant fMRI settings (field of view, 22ϫ22 cm; matrix, 64ϫ64 pixels) were similar to those we used in a study of hemispheric dominance for language in children with epilepsy using fMRI. 31, 32 Three-dimensional whole-brain T1-weighted inversion recovery prepped fast gradient-echo images were acquired as part of the clinical scanning protocol and were used for anatomic reference and overlay of the fMRI brain activation maps. The same imaging settings were used on the 3-T scanners, except that the echo time was shortened to 38 milliseconds to accommodate shorter T2* at this field strength.
IMAGE RECONSTRUCTION AND POSTPROCESSING
The 3-dimensional anatomic and fMRI data were processed using Cincinnati Children's Hospital Image Processing Software. 33 This Interactive Data Language-based program (ITT Corp, Boulder, Colorado) was also used for the statistical processing of all data. Before statistical parameter mapping of activation from each fMRI paradigm, several preprocessing steps were performed.
The raw echo planar imaging data was Hamming windowed before reconstruction to reduce the truncation artifacts at the edges of k-space and to reduce high-frequency noise in the images. The data were corrected for motion using a pyramid iterative coregistration algorithm. 34 After collection, the fMRI data were processed using the general linear model. 35 A set of cosine basis functions was used as covariates to account for possible signal drift and aliased respiratory and cardiac signals. The z-score maps were computed and smoothed in 3 dimensions with a gaussian filter of 4-mm width. Activated pixels were detected during the tone task in a region of interest (ROI) defined bilaterally in the auditory cortex at a threshold of PϽ.05 with a spatial extent threshold of 5 voxels. To create the individual activation maps displayed in Figure 1 , a fixed-effects analysis 36 was performed to find regions of significant activation as defined in the second sentence of this paragraph. Specificity was further improved using the clustering method proposed by Xiong et al. 37 The fMRI activation was parameterized by counting the number of pixels that exceeded the PϽ.05 threshold within an ROI defined bilaterally in the auditory cortex of each subject. The ROI was defined manually by consensus of 2 neuroimaging experts (A.M.P. and S.H.) to encompass the full extent of the primary auditory cortex (A1) located within the transverse temporal gyrus (the Heschl gyrus and Brodmann area 41), identified in each subject's anatomic images. The A1 ROI typically spanned 3 to 5 fMRI sections (nominal section thickness, 5 mm) for the subjects and images included in this study. Within this A1 ROI, the total number of suprathreshold pixels was tallied and then used in the graph of Figure 2 and in the linear regression of pixel count vs improvement in hearing threshold.
RESULTS
These data are from children undergoing MRI on a 3-T MRI system (Bruker Biospec 30/60) without sedation (n=1), on a 1.5-T MRI system scanner (GE Signa Horizon) without sedation (n=2) and with sedation (n=6), and on a 3-T MRI system (Siemens Medical Solutions) with sedation (n = 1). The Table shows a list of subjects, which MRI system was used, their age in months, and what type of sedation was administered (none, chloral hydrate, or pentobarbital), the improvement in hearing threshold (⌬HL), and the number of activated voxels identified in the ROI. Figure 1 depicts an activation map for a typical sedated, 2-year-old HI subject undergoing MRI on a 1.5-T MRI system. This patient was sedated with pentobarbital and had a preimplantation hearing threshold of 115 dB in both ears. The general linear model z-score map shows both positive and negative fMRI activation with a significance threshold of P Ͻ .05 in a single section through the A1 ROI during auditory stimulation with the tone task. Pixels labeled in yellow indicate positive BOLD activation, whereas pixels labeled in blue indicate negative BOLD activation. The ROI covering A1 in this section is also displayed on this image. One hundred sixteen activated pixels were counted within the A1 ROI over 3 sections of the brain activation map for this subject. Typically, the Heschl gyrus spans 3 to 4 sections (each 5 mm thick) in these images, but only 1 of these sections is displayed in Figure 1 . This image further demonstrates that fMRI can indeed detect central auditory activation in children with severe to profound hearing loss. Furthermore, we observed that central auditory activation is both positive and negative under the influence of sedation during fMRI. This effect has been observed in many of the infants and toddlers in our studies, as well as in reports from other studies involving fMRI in infants and toddlers. 25, 26, 29 Negative activation in fMRI corresponds to a decrease in blood oxygenation that follows increased cortical activity in a localized group of neurons. This effect will occur if neuronal metabolism increases to meet demand but is not accompanied by a concomitant increase in blood flow to deliver the additional oxygen required to support the increased cerebral metabolic rate. 38 Figure 2 shows the improvement in the pure-tone audiometry hearing threshold in the 10 patients before and after cochlear implantation. The differences are plotted so that the y-axis represents the improvement in hearing threshold after implantation (these values reflect the change in hearing threshold from before to after implantation). The x-axis plots the number of activated pixels detected during the tone task in an ROI defined bilaterally in the A1 ROI, located in the transverse temporal gyrus (Heschl gyrus). When charted in this way, 2 observations become apparent. First, in this limited sample of 10 subjects, fMRI effectively detects significant levels of A1 activation in most of the subjects, before cochlear implantation. Second, the improvement in hearing threshold after implantation correlates strongly (linear regression coefficient, R=0.88) with the amount of activation in A1 detected by fMRI before implantation.
COMMENT
Severe to profoundly HI children who showed auditory cortical activation with fMRI before cochlear implantation had statistically greater improved pure-tone audiometry thresholds after implantation compared with children who did not show activation. Future research is focused on developing more stringent exclusion criteria for the HI group and on gathering a control group of normal-hearing children. Nevertheless, the present results indicate that, for children with residual hearing under sedation, it is possible to obtain meaningful fMRI responses to auditory stimuli that appear to be related to potential benefit from cochlear implants.
In constructing the typical activation map shown in Figure 1 , we avoided the use of the Talairach reference frame and linear spatial normalization. 39 Affine transformation of pediatric brain image data to standardized dimensions defined for an adult brain is not optimal for use with infant brain data. 40, 41 Distortions are particularly noticeable in the anterior temporal lobe region of the images. In earlier studies of language development in normal children, we have found that construction of our own brain image templates for a nonlinear spatial normalization 42, 43 is the best approach for spatial normalization of pediatric brain image data. 44 We will consider such an approach in future studies of this young population as additional data accrue.
A number of factors affect the success of fMRI for detecting auditory brain stimulation, including those mentioned already as well as acoustic noise presented by the scanner itself. Consequently, we have developed a method in which auditory stimuli can be presented during a silent interval of the MRI gradients, producing hemodynamics unrelated to sounds of hardware (HUSH) 45 Unlike previous implementations of behavior interleaved gradient fMRI, 46 the HUSH method does not require long acquisition times. Nonequilibrium acquisitions require modified postprocessing methods. However, the auditory activation produced by this method shows promise for further investigations of the developing neural substrates for auditory and language processing in HI infants and children. This technique should improve the specificity of fMRI for evaluating candidates for cochlear implantation in the future.
It is well established that prolonged lack of auditory stimulation will result in irreversible auditory cortical loss that is nonresponsive to cochlear implantation. 47, 48 Conversely, early implantation (before age 18 months in cases of congenital hearing impairment) is known to facilitate normal or near-normal speech perception/production, language, and reading skills compared with implantation at 2 to 4 years of age. 49, 50 The mean age of the subject cohort reported herein was 49 months. If we exclude the two 12-year-old children, the mean age of the remaining 8 children was 25 months. This younger subset is more typical of the age of implantation in many programs at present. At our institution, we begin the cochlear implant staging process between ages 6 and 9 months, with an average age range for implantation of 12 to 18 months. It is possible that the duration of deafness in the 2 older children could account for some of the variability in our data. However, for both of these children, the improvement in hearing level after cochlear implantation was greater than in the children who underwent implantation at younger ages. This trend runs counter to what might be expected from the literature, 51 suggesting that earlier implantation results in better language performance during the school age years. However, it is important to note that pure-tone average hearing levels as reported in the Table and Figure 2 may not be the best indicator of language performance after implantation. Language measures were not available on the subjects included in this preliminary fMRI feasibility study, but one might expect that children with a longer duration of deafness might not demonstrate as great an improvement in standardized language measures as children undergoing implantation earlier in the developmental period for language. This demonstrates the critical importance of timely clinical decision making in the provision of a surgical implant and implementation of intervention for communication development.
The activation patterns observed in this cohort of children with severe to profound hearing impairment, as shown in Figure 1 , appear to replicate the typical patterns observed in normal-hearing children under sedation. 52 Similar rates of positive and negative activation in A1 are found in both groups, regardless of the form of sedation. Therefore we believe the incidence of negative activation is not due to the sedation or the hearing impairment in this study. Rather, we hypothesize that the mixture of positive and negative activation in this cohort is a consequence of the immature cerebrovascular system in subjects aged 1 to 3 years.
In addition, a similar pattern of A1 activation has been identified in a large cohort (n=323) of normal-hearing children and adolescents aged 5 to 18 years who were not sedated. 53 Although the activation in the sedated HI subjects in this report seems to be attenuated and to contain a mixture of positive and negative activation, the similarity of the distribution of activated pixels in the A1 ROI provides further assurance that the observed patterns correspond to the tone stimulus administered to these subjects.
A limitation of this study arises from the use of MRI systems operating at different field strengths (1.5 and 3.0 T) and different forms of sedation (chloral hydrate, pentobarbital, or none). This variability in methods might be expected to result in variability in the correlation of fMRI activation in the A1 ROI with postimplantation hearing thresholds as shown in Figure 2 . Unfortunately, with the limited sample size in this preliminary study, we are unable to explore the effects of field strength on A1 activation in a statistical manner. However, despite the built-in variability in this pilot study, the correlation between A1 activation and improvement in hearing thresholds as shown in Figure 2 is convincing. In fact, this correlation seems to transcend the influences of sedation, field strength, duration of deafness, and other confounds. The robustness of this finding gives us confidence that fMRI is feasible in this context and, if administered under more carefully controlled conditions, it may offer potentially diagnostic information.
Noninvasive assessment of the cortical response to sound input in an infant who is unable to respond reliably to behavioral auditory system assessment is important for accurate decision making in the cochlear implantation staging process. Functional MRI has the potential to provide clinicians with an advanced, objective diagnostic tool with capabilities beyond peripheral auditory system assessment. This report demonstrates the feasibility of fMRI for assessment of auditory cortical function in severe to profoundly HI infants, even with sedation. More research will be required to demonstrate the utility of fMRI or other neuroimaging methods that highlight auditory cortical function as safe and effective approaches to predict cochlear implantation outcomes in prelingual HI infants and toddlers with residual hearing. 
